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Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-84 Manuscript under review for journal Hydrol. Earth Syst. Sci. where Δθ is the change in liquid water and ice content, θ(i) is the initial liquid content in layer i, θr is the residual moisture 150 content, d(i) is the total depth of layer i, and dF(i) is the depth of frost in layer i.
Step-wise estimation of freeze and thaw for each 151 layer is provided in more detail in Appendix A. The water age of the ice is estimated in a similar way to the liquid water ages of 152 the soil layers (Kuppel et al., 2018b) 
where t is time, Δt is the time-step, Vres is the volume of ice in storage, qin is the volume of water from the change in soil moisture 154 during freeze-up (from Eqn 5), qout is the volume of water from the change in soil moisture during thaw (from. Eqn 5), and A is 155 the water age (subscripts res and in are the water ages in storage and inflow, respectively). Similar to the isotope and vegetation 156 modules in EcH2O, the frost dynamics (i.e. frost depths and water ages) were implemented as an option within EcH2O. 157
Isotope snowmelt fractionation

158
Isotopic fractionation of snowmelt can have a significant influence on the composition of streams (Ala-aho et al., 2018a). 159
Previous successful applications of a simple approach equation to estimate the isotopic fractionation of snowmelt at multiple 160 locations has shown that low-parameterised fractionation models can be used to spatially approximate snowmelt fractionation. One 161 of the noted limitations of the simple snowmelt fractionation approach used in Ala-aho et al., (2018) , is the dependence of the 162 snowmelt fractionation on the past snowmelt volumes rather than current snowmelt rate. The approach was modified to include 163 the snowmelt rate with one additional parameter using an exponential function: 164 Hpack is the composition of the snowpack at the beginning of the time-165 step, SWE is the snow water equivalent at the current time, SWEmax is the maximum snow water equivalent before melt, M is the 166 total volume of snowmelt in the current time-step, S is a slope parameter describing the shape of the exponential change of the 167 snowmelt fractionation, and C is an amplification factor. Higher values of S (10-20) result in larger early melt fractionation and 168 limited late melt fractionation, while low values of S result in a lower, but more consistent fractionation throughout the melt period. 169
The isotopic composition of the snowpack is updated at the end of each time-step. 170 of C4) with intermittent shallow soils in the headwaters of C2 (Fig. 1a) . The catchment is predominantly forest covered (82% total, 184 98% downstream of C4), with Scots Pine (Pinus sylvestris), Norway Spruce (Picea abies), and Birch (Betula spp.). The Mire (Fig  185   1b) is dominated by Sphagnum mosses. 186 187 streams (-95.5, -94.5 and -95.6 ‰ for C7, C2, and C4 respectively), with the highest isotopic variability at site C4 (standard 197 deviation (SD) of 7.9 ‰) and lowest at C2 (SD of 4.5 ‰) with C7 intermediate. 198
Data and study site
Meteorological datasets 199
Precipitation (rain and snowfall), temperature, wind speed, and relative humidity were measured daily at the 
Model set-up and calibration
217
The C7 catchment was defined with a grid resolution of 25 × 25 m 2 to balance adequate differentiation of multiple locations 218 on the soil water transect while maintaining computational efficiency. The 25 m grid includes adjacent soil pixels for S12 and S22, 219 with sites S04 and S28 within the same grids as S12 and S22, respectively. All simulations were conducted on a daily time- Fig 1b) . 232
A sensitivity analysis established the most sensitive parameters to be used in calibration using the Morris sensitivity analysis 233 (Soheir et al., 2014) . Parameters were assessed using 10 trajectories using a radial step for evaluating the parameter space. The 234 parameter sensitivity was evaluated using the mean absolute error. Results of this are shown in Appendix B. Sensitive parameters 235
were calibrated using Latin Hypercube sampling (McKay et al., 1979) with 150,000 parameter sets and a Monte Carlo simulation 236 approach to optimize the testing of the model parameter space. 237
Model evaluation
238
The model output was constrained using measurements of stream discharge (3 sites, The evaluation of changes to water ages due to soil frost was conducted by comparing the ages within the catchment for 250 simulations of the 30 "best" parameter sets with and without frost. These were conducted without frost by turning frost dynamics 251 off within the model. Freeze-thaw effects on evaporation and transpiration ages were evaluated as the difference between frost and 252 non-frost simulations. Positive values indicate older water with the frost while negative values indicate older water with frost-free 253 simulations. The age differences were only considered on days when both frost and non-frost simulations simulate a flux greater 254 than 0 mm/day. 255
Results
256
Simulation results
257
Calibration captured dynamics of both high and low flow discharge periods through both the calibration period (2010 -2014) 258 and validation period (2015 -2016), with a maximum mean stream flow MAE of 2×10 -3 m 3 /s for C7, and a maximum mean stream 259 δ 2 H MAE of 5.8 ‰ at C4 (Table 2 ). Due to extreme high and low flow periods in the calibration period, it was unsurprising that 260 the resulting MAE was higher than in the validation. The MAE of the soil moisture calibration was also reasonable, with average 261 (Fig 2 a -c) . The largest offsets in modelled isotopic composition occurred during the winter low flow conditions. The simulated 268 stream isotopes tended to retain a slight "memory" effect from the more enriched late summer. This was likely due to the 269 underestimation of discharge during winter (Fig 2 d -f ) which slowed the flushing of the more enriched water. Overall though, 270 discharge was adequately simulated for each site, notably during the spring melt and summer months. While flows were 271 underestimated during the winter, the difference between simulations and measurements were typically < 1×10 -3 m 3 /s. The weight-272 median water ages of each of the three streams were broadly similar, 2.8, 2.6, and 3.1 years for C7, C2, and C4, respectively (Fig  273   2 g -i) . These stream ages were generally older than previous estimates, with deeper soil layers and complete mixing in each 274 compartment tending to increase the average age. The depth of the soil layers in the peat and podzolic areas are the primary drivers 275 for water age, with a ~1:1 relationship (Appendix D). Water age decreased during the annual freshet, driven by the younger 276 snowmelt and frozen soil water ages (typically 150 -200 days old). The rapid runoff during the freshet limited the long-term 277 influence of the younger water ages on the stream water at each of the sites as older groundwater dominated low flows. 278
Hydrol 
Soil moisture, isotope, and water ages
282
Simulated soil water isotopes (note that the model did not use isotopes during calibration) mostly captured those measured in 283 both bulk water (2015 -2016) and lysimeter water (2012) within the 90% simulation bounds at the S12 and S22 sites (Fig 3 a &  284 b). Isotope dynamics were best captured at site S12, with early season depletion due to snowmelt and enrichment of the previous 285 summer. While most variability was captured within the 90% bounds, the magnitude of the intra-annual contrasts at site S22 was 286 not fully reproduced. Similar to the soil isotopes, dynamics of simulated soil moisture (calibrated) were captured at both S12 and 287 S22, with better simulation performance at S12 (Fig 3 c & d) . The model struggled to simultaneously reproduce the more dynamic 288 soil moisture at S12 with the relatively damped soil moisture post-melt at S22 in the adjacent cell under the same soil 289 parameterisation. Rather, the same parameterisation resulted in balancing the conditions observed at S12 and S22. The large 290 declines in measured soil moisture during the winter months were captured with the soil frost module (Fig 3 c & d) . The modelled 291 decline in the soil moisture resulted from the transition of soil water from liquid to ice. Water ages in layers 1 and 2 at each site 292
showed noticeable intra-annual variability, and gradually declined during the growing season (May -September) and increased 293 during the winter due to negligible water inflow (Fig 3 e & f) . The variability of the soil water ages in layers 1 and 2 was similar, 294 though the ages in layer 2 were significantly older. While S12 is closer to the stream, water ages in S22 were generally older in 295 both layers 1 and 2. 296
Soil freeze-thaw simulations
301
Simulations of frost depth revealed large inter-annual variability throughout the catchment (Fig 4 a-d) , depending on winter 302 temperatures, snowpack depth, and the soil moisture conditions. Wetter conditions in the mire generally show shallower frost 303 depths than the podzolic soils elsewhere in the catchment. Similar soil conditions for the podzolic and thin podzolic soils (Fig 1a)  304 resulted in negligible differences for estimated frost depth. Overall, estimated frost depth was generally limited by the total number 305 of freezing days. Colder winters (larger numbers of freezing degree days) resulted in deeper frost depths for an equivalent snowpack 306 depth (e.g. Fig 4a vs Fig 4c) . Conversely, a deeper snowpack (higher maximum SWE) resulted in a shallower simulated frost depth 307 for years with similar temperatures (e.g . Fig 4 a vs c) as the deeper snowpack was a larger storage for incoming radiation. Using 308 0 o C in the soil temperature probes at the ICOS tower as a proxy for the depth of the soil frost, a direct comparison of simulated 309 frost depth and the measured catchment frost depth was completed without calibration. Simulated frost depth showed good 310 agreement with observed 0 o C soil temperature depth, imitating the rapid increase in frost depth in 2014 and a more gradual increase 311 in 2015 (Fig 4e) . Late winter soil frost depth was estimated to be shallower and varied more rapidly than the observed 0 o C soil 312 temperature depth (Fig 4e) . The median estimated soil depth against the measured 0 o C soil temperature depth showed that estimate 313 soil thaw was too rapid, and thaw completed too early. 314
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Evaporation and transpiration
319
While the evaporation, transpiration, and energy balance datasets were not included in the calibration, modelled energy balance 320 components (sensible heat, latent heat, and net radiation) showed reasonable agreement to observed values in 2014-2016 at the 321 ICOS Tower. There was an under-estimation of net radiation and sensible heat throughout the growing season (Fig 5 b & c) , and 322 an underestimation of latent heat late in the year (Fig 5a) . While the MAE of the latent heat was relatively small (13.1 W/m 2 ) 323 considering that they were not used for calibration, net radiation and sensible heat had a notable maximum bias (~30 W/m 2 ) during 324 summer. Simulations of total daily evaporation (soil and interception) and transpiration had a similar pattern, with transpiration 325 accounting, on average, for 54% of total evapotranspiration. Throughout the year, the simulated proportion of transpiration to total 326 evapotranspiration ranged from 31 -72% except for the spring periods (Fig 5d) . The late onset of evaporation resulted from the 327 assumption that soil evaporation was negligible while the snowpack remains, which potentially lead to an under-estimation of 328 evaporation during the melt. 329
334
Ages of soil evaporation and transpiration decreased throughout the year (Fig 6 a and b) , tracing the decline in soil water ages 335 estimated with the addition of precipitation (age of 0 days). Older water present in evaporation and transpiration water at the start 336 of the year was a mixture of the snowmelt water age and frozen water ages (from the previous summer). Spatial differences in 337 evaporation and transpiration ages were evident throughout the catchment; shown by the difference between the forested ICOS 338 tower site (blue, Fig 6 a & b) , and the average for shrubs in the mire (green , Fig 6 a & b) . The annual flux-weighted median water 339 age of transpiration was 200 ± 42 and 141 ± 40 days for the ICOS tower and mire, respectively, while evaporation ages were 48 ± 340 11 and 85 ± 36 days for the ICOS tower and mire, respectively. Shallower roots of the shrubs resulted in younger transpiration 341 ages than at the ICOS tower and subsequently resulted in older evaporation ages in the mire due to reduced availability of young 342
water. 343
Differences between the evaporation and transpiration ages were determined by comparing water ages with the soil frost 344 module activated, against those with the frost module deactivated. Generally, including frost in the simulations resulted in older 345 water (water age difference > 0 Fig 6c) for both evaporation and transpiration. Differences in evaporation age were not as 346 pronounced as transpiration ages due to the slight bias of the evaporation timing (always following the snowmelt). Due to the 347 estimated completion of soil thaw prior to the snowmelt period, the difference between the water ages of evaporation with the 348 influence of frozen ground was modest. Rapid flushing of the soil water due to large snowmelt inputs and spring precipitation 349 resulted in a rapid decline in the differences of transpiration water ages. Within the first month of transpiration, the difference for 350 the frost and non-frost simulations were more notable and approached 200 days when frost limited water movement. However, the 351 relatively lower transpiration rates, which occurred during the spring within these simulations, resulted in a moderate effect on the 352 overall annual transpiration water ages. The effects of soil frost on stream water ages showed little effect, with negligible 353 differences given the relatively old water bias in the stream that only shows some flashes of younger water influence (Fig 2 g -i) . 
Discussion
362
Modelling soil freeze-thaw processes in tracer-aided models
363
Hydrologic models are powerful tools for exploring the internal functioning of catchments, particularly when intensive and 364 long-term monitoring programs are in place to help calibration and testing (Maxwell et al., 2019) . Here, the development of a 365 spatially distributed, process-based tracer-aided model for northern climates produced encouraging results reproducing soil frost 366 dynamics despite the model not being directly calibrated to match frost depths observations. The use of streamflows, stream 367 isotope ratios and soil moisture dynamics in calibration proved to be adequate for estimating the dynamics of soil frost depth and 368 timing of the frost onset (Fig 4) and revealed spatial differences in frost depth due to contrasting soil types and moisture 369 conditions. However, there are limitations with the current approach that results in some uncertainty of the effect of soil freeze-370 thaw on catchment hydrology. To improve the computational efficiency of the model, the temperature of the snowpack was 371 frost may have implications for snowmelt runoff, increasing the dynamics of the streamflow isotopic compositions towards more 381 depleted isotopic compositions (Fig 2 a-c) . Finally, the simplification of a single soil frost front may have some implications for 382 the snowmelt infiltration to the soil. The single front does not allow for near-surface soil thaw to occur prior to deeper soils and 383 thereby has implications for shallow root-water uptake and evaporation. 384
Hydrol Energy fluxes in northern catchments can be highly sensitive to the timing of snowmelt, yielding differences in the surface 385 and canopy net radiation due to changing albedo and to turbulent fluxes due to alterations in surface temperature. Here, the under-386 estimated sensible heat flux during the spring and the growing season could be the result of either the aerodynamic resistance (ra) 387 to transpiration or an underestimated thermal gradient between the soil and the measured air temperature. Higher estimations in 388 early season surface temperatures could also result in the shallower, and earlier, simulated soil frost melt relative to the measured 389 0 o C soil temperature depth. While improved timing of the soil-thaw period would likely improve this, direct calibration of the 390 sensible heat fluxes using the vegetation and soil albedo are likely more effective routes to improved simulations. 391 the low moisture content in the soil relative to the more saturated wetlands (Laudon et al., 2007) . Additionally, the relatively wide 403 uncertainty bounds of stream water age estimates present difficulties in assessing the relatively moderate effects of soil frost on 404 the stream water age (Fig 2) . The large dependence of the flows and stream water ages at C7 on the outlet of the large mire at C4 405 indicates that the water age progressing through the mire will be a strong determinant of long-term change. The flux-weighted 406 median water age estimations for the streams here were estimated to be substantially older than other tracer-aided hydrologic 407 older water ages of the snowpack, or the immobility and aging of frozen soil water, which would increase the estimated water ages. 416
Effect of soil freeze-thaw on water ages and implications for northern catchments
Unlike stream or soil water ages, low uncertainty of transpiration and soil evaporation ages helps bring new understanding to 417 how soil frost affects the source contributions of these ecohydrological fluxes which were the focus of the study. Ages of both 418 transpiration and soil evaporation are consistent with soil profile modelling conducted in the region using the SWIS model 419 (Sprenger et al., 2018b) . However, the dynamics of the age variation are notably different due to the differences in the input water, 420
where the snowmelt input to the SWIS model assumes a water age of 0 days and does not account for the "green" water fluxes 421 during the spring months. While the transpiration ages show notable differences when frost, and the corresponding discontinuity 422 of transit times, is included in the simulation, the evaporation water ages are not greatly affected. The differences are reduced for 423 both fluxes due to a few potential reasons. Firstly, the timing of the soil thaw has a significant influence on age estimation of soil 424
48
Since it is not possible to directly calibrate the soil water or streamflow water ages, the sensitivity analysis was evaluated to 
56
Model calibration showed a reduction in the parameter space for almost all parameters, where the maximum range of parameters 57 is shown with the upper and lower bounds of the plots (Fig C.1) . Differences between parameterization of soils was most 58 noticeable for anisotropy, hydraulic conductivity (Kh) and porosity (ϕ), while for vegetation, canopy storage, maximum stomatal 
